Cross laminated timber (CLT) is a versatile engineered timber product that is increasingly well-known and of global interest in several applications such as full size plane or linear timber elements. The aim of this study involves investigating the performance of CLT beams loaded in-plane by considering bending and shear stress analysis with a special emphasis on the in-plane shear behavior including the complex internal structure of CLT. Numerical analysis based on 3D-FE models was used and compared with two existing analytical approaches, namely representative volume sub element (method I) and composite beam theory (method II). The separate verification of bending and shear stresses including tree different shear failure modes was performed, and a good agreement was obtained. The main difference between the results relates to shear failure mode in the crossing areas between the orthogonally bonded lamellas in which the distribution of shear stresses τzx over the crossing areas per height of the CLT beam is not in accordance with the analytical assumptions. The presented analyses constitute the first attempt to contribute to the on-going review process of Eurocode 5 with respect to CLT beams loaded-in plane. Currently, regulations on designing these types of beams do not exist, and thus experimental and numerical investigations are planned in the future.
INTRODUCTION
Cross-laminated timber (CLT) is a versatile engineered timber product that is increasingly well known and of global interest. Specifically, CLT presents a two-dimensional plate-like laminated prefabricated product and is generally composed of an uneven number of orthogonally bonded layers that are capable of carrying both in-and out-ofplane loads and used for wall or floor elements as well as linear members (Figure 1) .
Although CLT possesses evident benefits, it is still not included in the European timber design code Eurocode 5 [1] . With respect to CLT under out-of-plane loading (e.g. floor elements), test configurations and strength values are well agreed upon and several design procedures are proposed in design handbooks and technical provisions [2] . With respect to CLT under in-plane loading (e.g. wall elements or beam elements), a few properties and failure modes, such as in-plane shear strength, are still under discussion and presently result in conservative regulations [2] .
Figure 1 Different applications of CLT linear elements loaded in-plane
The aim of this study involves investigating the performance of CLT beams loaded in-plane with a special emphasis on shear loading and the in-plane shear behavior by considering the complex internal structure. Specifically, CLT beams offer several advantages over solid or glued laminated timber beams due to their specific layup of orthogonally bonded layers and especially in applications in which shear stresses and tensile stresses perpendicular to the beam axis are critical for the load carrying capacity such as in beams with holes or notched beams as shown in Figure 1 . Additionally, shear stresses may limit the load-carrying capacity as opposed to normal stresses in a few other applications in which deep and short span CLT beams are used, such as lintels. Numerical results based on 3D-FE analysis are presented and compared with the existing two analytical models to obtain an in-depth understanding of the local mechanical behavior in shear stress transfer between laminations.
ANALYTICAL MODEL OF CLT ELEMENTS LOADED IN-PLANE

Failure modes
Normal and shear stresses occur in CLT beams exposed to in-plane loading. Only the bending resistance of the net cross section area is considered to verify normal stresses and implies layers with boards oriented in the direction of stress [3] . The contribution of transversal layers (α=90°) is neglected due to a high MoE ratio, typically with E0/E90 ≈ 30-40. In order to verify shear strength, it is necessary to consider three different shear failure mechanisms based on extant studies [4, 5] and according to the existence of adhesive bonding between the narrow faces ( 
Analytical method I: RVSE method
An efficient mechanical model for internal stress verification was proposed by Moosbrugger et al. to evaluate shear stresses in a CLT element loaded in-plane [6, 7] . The evaluated method is based on a representative volume element (RVE) as the smallest unit with thickness equal to a CLT element and width and depth equal to the width of a board plus the half the width of gaps between the adjacent boards. In the case of CLT with constant layer thicknesses and infinite number of layers, the RVE is further reduced to an elementary representative volume sub element (RVSE) that represents the smallest unit cell at an intersection between two orthogonal boards with an internal stress state describing the global behavior of the CLT element ( Figure 3 ).
Figure 3 RVSE method for verification of shear stresses in CLT elements loaded in-plane [7]
The calculation of shear stresses is based on idealized nominal shear stress τ0 that occurs in case of edge bonded boards and actually corresponds to FM I based on Eqn. 1. Additionally, FM II is based on net shear stresses τnet and FM III on torsional shear stresses τtor according to Eqn. 2 and 3 [7] as follows: In the design of CLT elements, it is necessary to verify each of the stress components with respect to the corresponding shear strength related to a relevant shear failure mode based on Eqn. 4 [7] as follows: In case of CLT elements without constant thickness of layers or CLT with an odd number of layers (3, 5 or 7) in which the number of layers is not identical in both main directions, a real CLT lay-up must be considered to verify failure modes in which examples for 3 and 5 layered CLT elements are shown in previous studies [7, 8] .
Analytical method II: Composite beam theory
With respect to CLT beams exposed to both bending and shear loading, a design procedure is proposed based on the theory of composite beams to verify shear stresses [5, 9] . In the case of FM I and FM II, shear stresses τxy, causing failure parallel and perpendicular to the grain are evaluated by using Bernoulli-Euler beam theory [5, 9] as follows:
The maximum values are calculated as peak values of the parabolic functions based on Eqn. 7 and 8 ( Figure  4 ) [5, 9] Figure 4 . Based on extant studies [5, 9] , in case of an even number of lamellae in the longitudinal layers, Eqn. 7 overestimates the maximum shear stress in the gross cross section ( Figure 4 ). Conversely, in the case of an odd number of lamellae in the longitudinal layers, the maximum net shear stresses are overestimated by Eqn. 8. However, the error decreases rapidly with increases in the number of lamellae in the longitudinal layers [9] . In the case of FM III, a total of three components of shear stress participate in load transfer within the crossing areas between the orthogonally bonded lamellae [5, 9] as follows: shear stresses parallel to the beam axis (τzx), torsional shear stresses (τtor), and shear stresses perpendicular to the beam axis (τzy).
The shear stresses parallel to the beam axis, τzx, are caused by a variation in the bending moment as a function of the x-coordinate. The maximum value of the stresses is obtained at the outermost lamellae of the beam that corresponds well with numerical analysis in a previous study [10] . The maximum value of the shear stress parallel to the beam axis is derived from the model of composite beam and is calculated based on extant studies [5, 9] as follows:
where b width of lamellae nCA number of crossing areas within the beam thickness m number of longitudinal lamellae within the beam height Torsional stresses, τtor, which are also derived based on the model of a composite beam, arise due to the eccentricity between the centerlines of adjacent lamellae. According to a previous study [9] , equal torsional moments and subsequently equal torsional shear stresses are assumed for all crossing areas in the beam height direction based on the condition that the lamellae in the transversal layers are assumed to remain straight in the deformed beam. A preliminary numerical analysis [10] indicates that torsional moments as well as torsional stresses are higher in the crossing areas close to the neutral axis and lower at crossing areas closer to the upper and lower sides of the beam. According to the analytical model [6] , given equal torsional moments for all crossing areas in the beam height direction, the maximum torsional shear stress is calculated based on a previous study [5, 9] as follows:
According to a previous study [9] , Eqn. 9 and Eqn. 10 provide accurate results for CLT beams with a constant ratio tlong,k/nca,k between the thickness of an individual longitudinal layer and the number of glue lines that are shared by the respective layer with adjacent transversal layers. In this case, shear stresses τzx and τtor are constant across the beam thickness. Hence, Eqn. 8 and Eqn. 9 are derived based on an "ideal" cross section lay-up (for e.g., obtained by using double centric layers of boards of equal thickness as the outer longitudinal layers or using a centric layer of boards with twice the thickness of the boards in the outer longitudinal layers). However, the variation of shear stresses τzx and τtor is small within the range of layups that are used in practice and especially for CLT beams composed of softwood with MoE of the lamellae approximately corresponding to 11 000 N/mm² [9] . Shear stresses perpendicular to the beam axis, τzy, arise due to external loads such as support reactions or external forces. With respect to a CLT beam exposed to an external force qy [N/m] applied to the end grain of the transversal layers, shear stresses are evaluated based on Eqn. 11 [5] as follows: q τ= m b n  y zy CA (11) In the design of CLT beams, it is necessary to verify each of the stress components with the corresponding shear strength related to a relevant shear failure mode. Additionally, it is necessary to consider the interaction of shear stresses in the crossing areas. Based on a previous study [5, 9] , it is necessary to consider two interactions to verify FM III as follows:
where fr denotes the rolling shear strength and ftor denotes torsional shear strength.
NUMERICAL FE-ANALYSIS
Geometry parameters
This study focuses on shear strength verification, geometry parameters, and load configuration of numerical models based on the reference shear-beam proposed by Gehri [11] . Geometry parameters are presented in Table 1 with the labels marked on Figure. 5. Two series of beams were modeled with total heights corresponding to 600 mm and 300 mm, respectively. For each individual series, two different layups were used including 3 and 5-layered CLT beams. With respect to each model, the width of lamellae b was varied in steps of 100 mm, 150 mm, and 200 mm, since values between 90 mm and 230 mm are mainly used in producing CLT based on a previous study [2] . Thickness of each layer was used as constant value, namely t0 = 40 mm for longitudinal and t90 = 20 mm for transversal layers. 
Material parameters
The beams were modeled as a layered structure with each layer consisting of laminations (boards). The boards are assumed as perfectly bonded only on their flat faces while edge bonding is not assumed. This simplification is based on the assumption that development of cracks is expected due to moisture and temperature variations even in the case in which boards are glued over narrow faces. Thus, contact on the narrow faces between the boards is limited at least to the core layers [2] . The perfect bond between the flat face areas of the boards was modeled by using contact elements of ANSYS 17 software. The lamination material is assumed as linear elastic and transverse isotropic using strength class T14 based on EN 14080 [12] as shown in Table 2 . The double symmetry of the test set-up is considered, and thus only one quarter of each setup is modeled. Element mesh size was based on sensitivity analysis, and a uniform value corresponding to 5 x 5 x 5 mm 3 was set in the zones of relevance in which stresses were evaluated while a coarser mesh size was used in the more distant areas as shown in Figure 6 . 
Figure 6 Labels of CLT beams (left) and mesh size (right)
DISCUSSION AND COMPARISON OF RESULTS
Bending stress analysis
The numerical results were compared with the analytical results. The mean value of bending stresses σm,net relative to the net area at the mid span of the beam was calculated (Figure 7) and compared with values obtained by Eqn. 13. The summarized results are presented in Table 3 , and a good agreement is generally obtained. This is expressed as follows: The distribution of shear stresses τxy and τxz across the beam height is also presented for model H 600-5 relative to five different stress paths in Figure 9 As shown in the graphs, a non-uniform stress distribution in good agreement with the theoretical distribution is observed as shown in Figure 4 . Thus, mean stresses over appropriate areas or paths were derived and compared with analytical values to verify each failure mode (FM I, FM II and FM III). In order to verify FM I, the maximum value of shear stress τxy,0 along a stress path across the center of the longitudinal lamellae (curve 1) of Figure 9 (left) is compared with the analytical values. With respect to FM II, evaluating the maximum value of the net shear stress τxy,net based on the FE-analyses is problematic because the stress distribution is highly non-uniform. Thus, mean values of net shear stresses τxy,net across the critical cross sections of the transversal lamellae were obtained by integrating stresses (see Figure 10 ). This subsequently corresponds to the total shear force Fxy divided by the cross-sectional area of the transversal lamellae based on Eqn. 14. The summarized results of FM I and FM II are presented in Table 4 where better agreement is obtained in case of FM I and FM II with analytical methods II and I, respectively. In case of FM III, it is necessary to verify the interaction between shear stresses in beam direction τzx and torsion shear stresses τtor over crossing areas [5] . In order to aid comparison with analytical expressions, mean stress values were calculated by integrating stresses over each crossing area (see Figure 10 ). In this aspect, the total (resultant) shear forces Fx and Fy as well as torsional moment Mtor were obtained, and stresses were calculated based on (Eqn. 15, 16, and 17). In case of shear stress τzy, the obtained numerical values were significantly small based on the theoretical background, and are therefore omitted. The summarized results of FM III are presented in Table 5 , and only maximum values close to the neutral axis are shown in Figure 9 (right) and Figure 10 since the torsional stresses were not equal over each crossing area. The expressions are as follows: The results indicated that in most cases, the numerical values of torsional stresses τtor are between the analytical values of method I and method II. In case of unidirectional shear stresses τxz, good agreement is obtained in most cases with the exception of model H600 with five layers since shear stresses were not constant in the beam thickness direction given the absence of a double centric layer on which the analytical approach is actually based. 
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CONCLUSIONS AND FURTHER WORK
This study presented a comparison of normal and shear stresses between numerical and analytical analysis, and generally obtained a good agreement for CLT beams loaded in-plane. Only the net section of the beam was included to verify bending normal stresses, and this included only the layers in the stress direction. This assumption appears reasonable given the good agreement obtained between the limited number of results. Numerical results were obtained between analytical methods I and II to verify shear stresses and the case of FM I while in case of FM II the results indicated better agreement with method I. The results revealed that analytical method II highly overestimated the net shear stresses τxy,90in case of FM II. Additionally, the influence of board width was not highly emphasized in FM I and FM II. In case of FM III, torsional shear stresses were observed between the analytical method I and II in most cases. The main difference was related to the distribution of shear stresses τzx relative to the crossing areas per height of the CLT beam in which the maximum value is observed in middle of beam height, and this contradicts the analytical assumption. Hence, the expression of an interaction between torsional and unidirectional shear stresses of FM III is questionable. Given the presented limited number of models, the agreement between mean values is acceptable although high stress concentrations were obtained at the gaps between the boards. Furthermore, the influence of board width and type of lay-up with or without double centric layer corresponded to critical parameters in FM III in numerical and analytical analyses, respectively. The presented analyses are a first attempt to contribute to the on-going review process of Eurocode 5 with respect to CLT beams loaded-in plane. Currently, regulations on designing these types of beams do not exist, and thus further experimental and numerical investigations are planned in the future.
